A novel sulfur-oxidizing bacterium, designated strain BiS0 T , was isolated from a sediment sample collected from a freshwater lake in Japan. The cells were rod-shaped, 1. 
Sulfurirhabdus autotrophica gen. nov., sp. nov., isolated from a freshwater lake The Institute of Low Temperature Science, Hokkaido University, Kita-19, Nishi-8, Kita-ku, Sapporo 060-0819, Japan A novel sulfur-oxidizing bacterium, designated strain BiS0 T , was isolated from a sediment sample collected from a freshwater lake in Japan. The cells were rod-shaped, 1.4-4.660.4-0.7 mm and Gram-stain-negative. The G+C content of the genomic DNA was around 44 mol%. The isolate possessed summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c), C 16 : 0 and C 10 : 0 3-OH as major cellular fatty acids. Strain BiS0 T grew by carbon dioxide fixation and oxidation of inorganic sulfur compounds with oxygen as the electron acceptor. Growth was observed over a temperature range of 0-32 8C (optimum, 15-22 8C), an NaCl concentration range of 0-546.4 mM (optimum 0-66.7 mM) and a pH range of 5.2-8.1 (optimum 6.1-6.3). Phylogenetic analysis, based on 16S rRNA gene sequences, indicated that strain BiS0 T belongs to the family Sulfuricellaceae in the class Betaproteobacteria. The closest cultured relatives were Sulfuricella denitrificans skB26 T and Sulfuricella sp. T08, with 16S rRNA gene sequence similarities of 96.3 %. On the basis of the data obtained in this study, strain BiS0
T represents a novel species of a novel genus, for which the name Sulfurirhabdus autotrophica gen. nov., sp. nov. is proposed. The type strain is BiS0
The betaproteobacterial genus Sulfuricella was established to accommodate an autotrophic sulfur-oxidizing species, Sulfuricella denitrificans (Kojima & Fukui, 2010) . Recently a novel order, Sulfuricellales, was established to accommodate the genera Sulfuricella and Sulfuriferula, and the genus Sulfuricella was described as the type genus of this novel order (Watanabe et al., 2015a) . The type strain of Sulfuricella denitrificans was isolated from a cold anoxic hypolimnion of a freshwater lake, and was characterized as a psychrotolerant sulfur oxidizer (Watanabe et al., 2012) . Based on nucleotide sequences, its close relatives have been found in freshwater lake sediments (Nelson et al., 2007; Song et al., 2012; Watanabe et al., 2013) , Thioploca samples from two freshwater lakes (Nemoto et al., 2011) , drinking water distribution systems (Li et al., 2010; Sun et al., 2014a, b) , the sediment of a drinking water reservoir (Cheng et al., 2014) , soil (Field et al., 2010) , a bioreactor (Wang et al., 2015) , subglacial sediment (Boyd et al., 2014) , wetland sediment (Liu et al., 2014) , a limestone aquifer (Herrmann et al., 2015) , groundwater (Hong et al., 2013) , black shale (Li et al., 2014) , a horizontal subsurface flow system constructed in wetlands (Zhong et al., 2015) and the freshwater layer of a meromictic lake (Kubo et al., 2014) . Members of the genus Sulfuricella are likely to contribute to sulfur cycling in a wide range of freshwater ecosystems, but only two cultured strains of the genus Sulfuricella have, so far, been described (Watanabe et al., 2015b) . In this study, a novel sulfur oxidizer related to Sulfuricella denitrificans was isolated and characterized.
Strain BiS0
T was isolated from a sediment sample collected from a freshwater lake in Japan, Lake Biwa. Sampling was performed at station A (358 239 N 1368 079 E) in December 2010. The sediment sample was transferred into bicarbonate-buffered low-salt defined medium, which was composed as follows (all l 21 ): 0.2 g MgCl 2 .6H 2 O, 0.1 g CaCl 2 .2H 2 O, 0.1 g NH 4 Cl, 0.1 g KH 2 PO 4 , 0.1 g KCl, 1 ml trace element solution, 1 ml selenite-tungstate solution, 1 ml vitamin mixture solution, 1 ml vitamin B 12 solution, 1 ml thiamine solution, 30 ml NaHCO 3 solution. All stock solutions were prepared as described previously (Widdel & Bak, 1992) . Elemental sulfur (approximately 0.25 g l
21
) and sodium nitrate (20 mM) were added as electron donor and acceptor, respectively. The headspace of the culture bottle was filled with N 2 /CO 2 (80 : 20, v/v), and incubation was performed in the dark at 5 8C. Approximately one year later, strain BiS0
T was enriched. To enhance growth, subsequent subcultures were performed at 15 8C in a slightly different medium, which contained thiosulfate (1 mM) as the sulfur source. After serial diluting eight times, the resulting culture was inoculated into ATCC 290 S6 medium and incubated under aerobic condition. The composition of the medium was as follows (l 0.1 g MgSO 4 .7H 2 O, 0.1 g (NH 4 ) 2 SO 4 , 0.04 g CaCl 2 .2H 2 O, 0.03 g FeCl 3 .6H 2 O, 0.03 g MnSO 4 .5H 2 O, and 10 g Na 2 S 2 O 3 . All ingredients were dissolved in distilled water, and the medium was sterilized by autoclave at 121 8C for 20 min. Prior to cultivation, 3 vol% CO2 was added in the head space as the carbon source. After serially diluting five times with ATCC 290 S6 medium, strain BiS0
T was isolated in pure culture. The purity of the culture was checked by phasecontrast light microscopy (Axioplan 2; Zeiss), inoculation into media containing various heterotrophic substrates and sequencing of the 16S rRNA gene fragments, which were amplified using various primer sets.
For characterization of the strain, bicarbonate-buffered, low-salt defined medium modified for aerobic cultivation was used unless otherwise specified. The modified medium contained Na 2 S 2 O 3 .5H 2 O (5 g l
) and no vitamin mixture, vitamin B 12 or thiamine solutions, and was buffered with 20 mM MOPS-NaOH in addition to bicarbonate. Unless stated otherwise, the pH of the medium was adjusted to 7.1 with HCl, and incubations were performed at 15 8C. Cell morphology was observed by phase-contrast microscopy (Axioplan 2). The Gram-stain test was conducted with a kit (Fluka). A test for oxidase activity was performed using an oxidase test reagent (bioMerieux). Catalase activity was tested by pouring 3 % (v/v) H 2 O 2 solution onto a pellet obtained by centrifugation of the culture. The effect of temperature on growth was tested by culturing the isolate at various temperatures (0, 5, 8, 13, 15, 18, 22, 25, 28, 32, 34 35, 37 and 45 8C) for up to 30 days. To test the effect of NaCl concentration on growth, the isolate was inoculated into media supplemented with varying concentrations of NaCl (0, 3.3, 6.7, 13.3, 26.7, 66.7, 106.7, 133.3, 160.0, 180.0, 195.3, 214.9, 236.4, 260.0, 286.0, 310.5, 341.5, 375.7, 413.2, 454.5, 500.0, 546.4, 601 .0 mM), and incubated for up to 14 days. The effect of pH on growth was examined using media buffered with 20 mM sodium acetate (pH 4.0, 4.2, 4.5, 4.9, 5.1, 5.5), MES (pH 5.2, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 6.1, 6.2, 6.3, 6.5, 6.8) , PIPES (pH 6.8, 7.0, 7.3), MOPS (pH 7.2, 7.5), Tricine (pH 7.8, 8.1, 8.6), or CHES (8.8, 9.2, 9.5, 9.8, 10.0). To adjust pH, sodium acetate solution was used for the media buffered with sodium acetate and NaOH solution was used for the other media. The inoculated media were incubated for up to 14 days. The utilization of sulfate as a sulfur source was tested in medium containing MgSO 4 .6H 2 O (0.2 g l 21 ) and elemental sulfur (0.25 g l 21 ) in place of MgCl 2 .6H 2 O and Na 2 S 2 O 3 .5H 2 O. Utilization of electron donors was tested in media without Na 2 S 2 O 3 .5H 2 O, each containing one of a number of substrates listed later on. The utilization of nitrate or nitrite as an electron acceptor was tested in medium used for primary enrichment under anaerobic conditions. This medium was supplemented with 10 mM thiosulfate as electron donor. Growth with different sulfur sources, electron donors and acceptors was assessed after incubation for 14 days. All tests were performed at least twice with appropriate negative and/or positive controls.
The G+C content of the genomic DNA of strain BiS0 T was determined by using a Yamasa GC kit (Yamasa shoyu) with HPLC methods, as described previously (KatayamaFujimura et al., 1984) . The cellular fatty acid profile was analysed using the Sherlock Microbial Identification System (Version 6.0; database, TSBA6; MIDI) at Techno Suruga (Shizuoka, Japan).
The 16S rRNA gene fragment was amplified with the primer set, 27F/1492R (Lane, 1991) , and then sequenced. Partial fragments of sulfur oxidation genes were also amplified and sequenced. The fragments of genes encoding the sulfide:quinone oxidoreductase (Sqr), component of the periplasmic thiosulfate-oxidizing Sox enzyme complex (SoxB) and dissimilatory sulfite reductase alpha subunit (DsrA) were amplified with the primer pairs, sqr 473F/ 982R, soxB 704F/ 1199R and dsrA 625F/877R, respectively (Luo et al., 2011) . The gene fragment of the adenylylsulfate reductase alpha subunit (AprA) was obtained using AprA-1-FW/AprA-5-RV (Meyer & Kuever, 2007) .
Cells of the isolate were Gram-stain-negative and rods (1.4-4.6 mm in length60.4-0.7 mm in width). Oxidase and catalase activities were positive and negative, respectively. The G+C content of the genomic DNA was approximately 44 mol%. The cellular fatty acid profile is shown in Table 1 . Major components in the profile were summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c; 61.8 %), C 16 : 0 (26.4 %) and C 10 : 0 3-OH (5.4 %).
The isolate could not grow in medium with sulfate as the sulfur source, and only grew when thiosulfate was added as the source of sulfur. Autotrophic growth of the isolate was observed in the presence of thiosulfate (10-63 mM), tetrathionate (10 mM) and elemental sulfur (approximately 0.25-0.5 g l
). Growth on sulfite (5 mM) and hydrogen (100 kPa in the head space) was also tested, but no growth was observed. Heterotrophic growth of the isolate was not supported by the following substrates:
Casamino acids (2.5 mg l 21 ), yeast extract (5 mg l 21 ), peptone (0.01 %, w/v), arabinose, glucose, mannose, fumalate, malate, lactate, formate, acetate, ethanol (all 5 mM), and lactose and benzoate (all 2.5 mM). Electron acceptor utilization was tested with 20 mM nitrate and 5 mM nitrite. Despite the fact that the isolate was enriched in media containing nitrate under anoxic conditions, nitrate and nitrite did not support growth of the isolate.
The isolate grew over a temperature range of 0-32 8C, an NaCl concentration range of 0-546.4 mM, and a pH range of 5.2-8.1. Optimum growth occurred at 15-22 8C, 0-66.7 mM NaCl and pH 6.1-6.3.
The 16S rRNA gene sequence of strain BiS0
T was affiliated with the class Betaproteobacteria, and a close phylogenetic relationship between the isolate and members of the family Sulfuricellaceae was observed (Fig. 1) . The closest relatives of the isolate were Sulfuricella denitrificans skB26 T and Sulfuricella sp. T08, with sequence similarities of 96.3 %. The close phylogenetic relationships of strain BiS0
T with members of the family Sulfuricellaceae were
Sulfuriferula plumbophilus Gro7 T (NR_114805)

Sulfuricella denitrificans skB26 T (NR_121695)
Methylophilus methylotrophus NCIMB 10515 T (NR_041257)
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Nitrosomonas europaea ATCC 25978 T (NR_117368)
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Nitrosospira multiformis ATCC 25196 T (NR_074736)
Rhodocyclus purpureus Pfennig 6770 T (M34132)
Methylobacillus glycogenes TK 0113 T (NR_104760)
Gallionella capsiferriformans' ES-2 (NR_074658)
Thiobacillus denitrificans also inferred in the phylogenetic trees of sulfur oxidation genes (Figs S1-S4, available in the online Supplementary Material).
As indicated by phylogenetic analyses of multiple genes, members of the genus Sulfuricella were the closest cultured relatives of the novel isolate. In common with Sulfuricella denitrificans skB26 T , the novel isolate was characterized as a psychrotolerant, freshwater, autotrophic sulfur-oxidizing bacterium. On the other hand, they were distinguishable from each other due to their differential morphological, biochemical and physiological features ( Table 2 ). The cell length of the isolate was approximately twice as long as that of Sulfuricella denitrificans skB26 T , and its genomic DNA G+C content was much lower. The third most major fatty acid of strain BiS0 T (C 10 : 0 3-OH) was not detected in strain skB26 T , and that of strain skB26 T (summed feature 8) was rare in strain BiS0
T . Also, in terms of the pH and salinity ranges for growth, the novel strain was distinguishable from strain skB26
T . The novel strain could utilize tetrathionate as an electron donor, but this could not sustain growth of strain skB26 T . Furthermore, anaerobic growth of the isolate was not observed, whereas strain skB26 T is facultatively anaerobic. In the 16S rRNA gene tree, the isolate formed a bootstrapsupported cluster with an environmental clone, which was distinct from the Sulfuricella cluster, and the formation of this cluster was consistent irrespective of the tree inference method used (data not shown). These results suggest that the novel strain represent a novel species of a novel genus, for which the name Sulfurirhabdus autotrophica gen. nov., sp. nov. is proposed.
Description of Sulfurirhabdus gen. nov.
Sulfurirhabdus (Sul.fu.ri.rhab'dus. L. neut. n. sulfur sulfur; N.L. fem.n. rhabdus a rod, wand; N.L. fem. n. Sulfurirhabdus a sulfur-oxidizing rod).
Cells are Gram-stain-negative and grow autotrophically on sulfur-containing compounds. A member of the family Sulfuricellaceae as determined by 16S rRNA gene sequence analysis. The type species is Sulfurirhabdus autotrophica sp. nov.
Description of Sulfurirhabdus autotrophica sp. nov.
Sulfurirhabdus autotrophica (au.to.tro'phi.ca. Gr. n. autos self; Gr. adj. trophikos nursing; N.L. fem. adj. autotrophica autotroph).
Cells are Gram-stain-negative rods (1.4-4.6 mm long| 0.4-0.7 mm wide). Catalase-negative and oxidase-positive. The major cellular fatty acids are summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c), C 16 : 0 and C 10 : 0 3-OH. Autotrophic growth occurs by the oxidation of tetrathionate, thiosulfate and elemental sulfur with oxygen as the electron acceptor. Grows over a temperature range of 0-32 uC, an NaCl concentration range of 0-546.4 mM and a pH range of 5.2-8.1. Optimum growth is observed at 15-22 uC, 0-66.7 mM NaCl, and at pH 6.1-6.3. Table 2 . Differential characteristics of strain BiS0
T and other members of the family Sulfuricellaceae
Strains: 1, BiS0 T (data from this study); 2, Sulfuricella denitrificans skB26 T (Kojima & Fukui, 2010; Watanabe et al., 2014) ; 3, Sulfuriferula multivorans TTN T (Watanabe et al., 2015a) ; 4, Sulfuriferula plumbophilus Gro7 T (Drobner et al., 1992) .+, Positive; 2, negative; ND, not determined. The type strain, BiS0 T (5NBRC 110941 T 5DSM 100309 T ), was isolated from a sediment sample of a freshwater lake in Japan. The G+C content of the genomic DNA of the type strain is around 44 mol%.
